Aims/hypothesis While the underlying mechanisms in the development of insulin resistance remain inconclusive, metabolic dysfunction in both white adipose tissue (WAT) and skeletal muscle have been implicated in the process. Therefore, we investigated the independent and combined effects of α-linolenic acid (ALA) supplementation and exercise training on wholebody glucose homeostasis and mitochondrial bioenergetics within the WAT and skeletal muscle of obese Zucker rats. Methods We randomly assigned obese Zucker rats to receive a control diet alone or supplemented with ALA and to remain sedentary or undergo exercise training for 4 weeks (CON-Sed, ALA-Sed, CON-Ex and ALA-Ex groups). Whole-body glucose tolerance was determined in response to a glucose load. Mitochondrial content and bioenergetics were examined in skeletal muscle and epididymal WAT (eWAT). Insulin sensitivity and cellular stress were assessed by western blot. Results Exercise training independently improved whole-body glucose tolerance as well as insulin-induced signalling in muscle and WAT. However, the consumption of ALA during exercise training prevented exercise-mediated improvements in whole-body glucose tolerance. ALA consumption did not influence exercise-induced adaptations within skeletal muscle, insulin sensitivity and mitochondrial bioenergetics. In contrast, within eWAT, ALA supplementation attenuated insulin signalling, decreased mitochondrial respiration and increased the fraction of electron leak to reactive oxygen species (ROS). Conclusions/interpretation These findings indicate that, in an obese rodent model, consumption of ALA attenuates the favourable adaptive changes of exercise training within eWAT, which consequently impacts whole-body glucose homeostasis. The direct translation to humans, however, remains to be determined.
Introduction
While the development of whole-body insulin resistance is not fully understood, the prominent working model suggests that high-fat diet-mediated reactive oxygen species (ROS) and inflammation rapidly attenuate insulin signalling within white adipose tissue (WAT), increasing lipolysis and NEFA release into the peripheral circulation [1, 2] . The increase in circulating NEFA results in excessive transport of lipids into muscle, and ultimately ectopic lipid accumulation and increased mitochondrial ROS emission, both of which contribute to skeletal muscle insulin resistance. Since muscle accounts for~75% of insulinstimulated glucose uptake [1] , the functional effect of insulin on maintaining glucose homeostasis is indirectly influenced by WAT metabolism. Therefore, therapeutic modalities that improve insulin sensitivity in both WAT and skeletal muscle are probably required to preserve whole-body glucose tolerance.
It is well-established that exercise training improves wholebody glucose homeostasis and decreases oxidative stress, reactive lipid accumulation and markers of inflammation [3] [4] [5] . While the mechanisms responsible for these observations remain poorly defined, exercise training is known to increase mitochondrial content in both skeletal muscle [6] and WAT [7, 8] , which probably contributes to the observed reduction in both reactive lipid accumulation and oxidative stress (ROS). In support of this, mitochondrial content (skeletal muscle and WAT) is reduced in several models of insulin resistance [9] [10] [11] [12] , while genetic and therapeutic approaches that increase mitochondrial density are associated with improvements in insulin sensitivity [11, [13] [14] [15] [16] [17] . Altogether, these reports suggest that intervention strategies that increase mitochondrial content may be particularly beneficial in managing and/or preventing the development of insulin resistance and type 2 diabetes.
In addition to exercise, the use of n-3 polyunsaturated fatty acids (PUFAs) as a treatment modality has gained considerable interest [18] [19] [20] . The n-6/n-3 ratio in a typical Western diet has increased~15-fold in recent years [21] and is thought to contribute to the production of proinflammatory eicosanoids, primarily from arachidonic acid via the cyclooxygenase and lipoxygenase pathways. As a result, diets supplemented with n-3 PUFAs are thought to be beneficial with respect to several pathologies, including diet-induced insulin resistance/type 2 diabetes [18] [19] [20] 22] . While the mechanisms regulating the insulin-sensitising effects of n-3 PUFAs remain ambiguous, remodelling of mitochondrial membrane phospholipid composition [23, 24] , reduction in intramuscular accumulation of reactive lipid intermediates [20] and increased transcription of gene targets involved in mitochondrial biogenesis and fatty acid oxidation [19, 20, 25] have all been proposed. In addition, n-3 PUFA supplementation in rodents under a high-fat challenge significantly reduces fat mass and adipocyte size [26] , while in humans n-3 PUFAs increase adipocyte mitochondrial biogenesis and fatty acid oxidation [27] and limit fat cell proliferation [28] . Therefore, similar to exercise training, the prominent theory surrounding n-3 PUFA and insulin sensitivity suggests improvements in mitochondrial bioenergetics in both WAT and skeletal muscle.
Although evidence is mounting to suggest that n-3 PUFAs and exercise training independently improve whole-body glucose homeostasis, the additive effects remain unknown. Investigations into the combined effects appear warranted given that nutritional/exercise approaches have yielded disappointing results in the past. Specifically, antioxidant supplementations (vitamins C and E) have been shown to attenuate exercise-induced mitochondrial biogenesis [29] [30] [31] , whereas resveratrol supplementation attenuates exercise-mediated improvement in cardiovascular health [32] and mitochondrial adaptations [33] [34] [35] [36] [37] . In addition, previous research has demonstrated that n-3 PUFA supplementation attenuates exercise-mediated splenic immune cell activation [38] , raising the possibility that n-3 PUFA supplementation can attenuate exercise-mediated improvements in insulin sensitivity. This could be particularly relevant in WAT, a tissue that is not only highly regulated by immunity/stress processes, but that is also primarily influenced by n-3 PUFA supplementation [39] . In order to examine this possibility, we investigated the independent and combined effects of exercise training and dietary supplementation with the essential n-3 PUFA α-linolenic acid (ALA), within the WAT and skeletal muscle of obese Zucker rats, a widely used model of obesity and insulin resistance.
Methods
Animals and diet Six-week-old male obese Zucker rats (n = 32) were purchased from Charles River Laboratories (Wilmington, MA, USA). The animals were housed in wire cages in pairs in a temperature-regulated room on a 12:12 h light/dark cycle with water provided ad libitum. After 6 days of acclimatisation, the animals were randomly assigned by simple randomisation to receive a control (CON) diet (no. AIN-93G; 20% protein, 64% carbohydrate and 16% fat; Research Diets, New Brunswick, NJ, USA) or a diet supplemented with ALA (no. AIN-93G + 10% flaxseed oil; 20% protein, 54% carbohydrate and 26% fat), and then randomly divided to undergo exercise (Ex) training (CON-Ex and ALAEx) or remain sedentary (Sed; CON-Sed and ALA-Sed) for a total of 4 weeks (n = 8/group). Animals on the CON diet were given unrestricted access to food, while ALA-supplemented animals were pair-fed to maintain caloric intake. Body weight was measured every week, while glucose tolerance tests were performed 48 h before animals were anaesthetised with isoflurane (4% in O 2 ) to conduct experiments described below. We have previously reported on the effects of these interventions with respect to cardiovascular function and hepatic lipid content [40, 41] . Experimenters were not blind to group assignment during the conduction of experiments and all experiments were conducted in accordance with protocols approved by the University of Guelph Animal Care Committee.
Exercise training The Ex groups were first familiarised with treadmill running for 10 min sessions at 10 m/min on a 5% incline on three separate occasions. Thereafter, the animals were exercised five times a week for 45 min per session according to the following protocol: week 1, 15 m/min (5% incline); week 2, 15 m/min (10% incline); and week 3-4, 15 m/min (15% incline).
Glucose tolerance test Tolerance to glucose was evaluated after 4 h of fasting as previously described [42] . Briefly, blood glucose was measured before and repeatedly after animals were i.p. injected with glucose (2 g/kg body weight). Thereafter, blood glucose vs time was plotted and the AUC calculated for each animal.
Muscle-and eWAT-specific insulin signalling To determine the phosphorylation of proteins involved in insulin-mediated signalling by western blotting (described below), muscle and epididymal WAT (eWAT) was excised before (basal) and 15 min after an intravenous insulin injection (1.0 U/kg body weight) and rapidly frozen in liquid nitrogen.
Mitochondrial respiration in permeabilised muscle fibres and eWAT Mitochondrial respiration was determined in permeabilised muscle fibres (PmFbs) using high-resolution respirometry at 37°C as previously described [43, 44] . Mitochondrial respiration was also determined in permeabilised eWAT at 37°C as previously described [45] except for the addition of 2,4-dinitrophenol (DNP; 100 μmol/l) at the end of state III respiration. Exogenous cytochrome c (10 μmol/l) was added at the end of all respiration experiments to ensure outer mitochondrial membrane integrity.
Mitochondrial H 2 O 2 emission Mitochondrial H 2 O 2 emission was measured in PmFbs fluorometrically (Lumina; Thermo Scientific, Fisher, Waltham, MA, USA) at 37°C as previously described [44, 46] . In permeabilised eWAT, mitochondrial H 2 O 2 emission was measured at 37°C similar to previously described methodology [45] except mitochondrial H 2 O 2 emission rates were initiated with either pyruvate (10 mmol/l) + malate (5 mmol/l) or L-carnitine (2 mmol/l) + palmitoyl-CoA (P-CoA; 50 μmol/l). mtDNA copy number in adipose tissue Mitochondrial DNA (mtDNA) copy number was determined in eWAT using realtime PCR as previously described [15] . Western blot Whole muscle and eWAT was homogenised as previously described [24] . Standard SDS-PAGE procedures were followed. All antibodies were commercially available and validated by manufacturers for western blotting. These included: total and phosphorylated (Thr 308 and Ser 473 ) Akt; total and phosphorylated c-Jun N-terminal kinase (JNK) 1 and 2; total and phosphorylated extracellular signal-regulated kinase (ERK) 1 and 2; total and phosphorylated p38 MAP kinase (p38); monocyte chemoattractant protein 1 (MCP1); MitoProfile oxidative phosphorylation (OXPHOS) antibody cocktail; cytochrome c oxidase IV (COXIV); IRS1; pyruvate dehydrogenase subunit E1-alpha (PDHE1α); adenine nucleotide translocase (ANT) 1 and 2; and trans-4-hydroxy-2-nonenal (4-HNE) with α-tubulin as the loading control. See electronic supplementary material (ESM) Table 1 for details of the antibodies.
Statistics All data were analysed using a two-way ANOVA followed by Tukey's honest significant difference (HSD) post hoc test where appropriate. For body weight and blood glucose measurements during the glucose challenge, a two-way ANOVA was used to analyse differences within each week. One control animal was humanely euthanised prior to study completion because of an infected skin lesion. A single animal was removed from the analysis of muscle and WAT insulin signalling, as the administration of insulin resulted in a 50% decline in Akt phosphorylation, which we deemed a failed experiment as the Akt phosphorylation was more then 2 SD from the mean. No other data was removed from the analysis. In some other experiments the sample size is smaller because of tissue limitations preventing a measurement from being performed, as opposed to the removal of data from the analysis. All values are expressed as mean ± SEM. Significance was determined at p < 0.05. Statistical tests were completed using Graph Pad version 6.2 (La Jolla, CA, USA).
Results
Whole-body glucose tolerance and body mass in response to ALA and exercise We have previously reported in these same animals that ALA supplementation appropriately increased the ALA, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) contents of lipids within the blood and the liver, verifying the dietary intervention [41] . In the present study, we report that the consumption of ALA independently did not alter body weight throughout the experimental protocol (Fig. 1a) . In contrast, regardless of diet, exercise training significantly decreased body weight after 3 and 4 weeks of the intervention (Fig. 1a) , probably because of the conserved caloric intake between groups despite the increased caloric expenditure. Next we examined whole-body glucose tolerance. While 4 weeks of ALA supplementation was not sufficient to improve glucose tolerance (Fig. 1b, c) , exercise independently decreased the AUC by~30% (Fig. 1b, c , p < 0.05), a response prevented by the simultaneous consumption of ALA (Fig. 1b, c) .
Skeletal muscle insulin signalling in response to ALA and exercise Given the observation that ALA consumption prevented the normal exercise training-mediated improvement in glucose tolerance, we examined skeletal muscle insulin sensitivity in an attempt to gain insight into the tissues affected by the combined intervention. Specifically, we determined the ability of insulin to phosphorylate proteins involved in the insulin signalling cascade. Regardless of diet, insulin failed to stimulate phosphorylation of Akt at Ser 473 (Fig. 2a, b ) and Thr 308 (Fig. 2a, c ) above basal levels in sedentary animals, demonstrating skeletal muscle insulin resistance in our model. In contrast, there was a Skeletal muscle insulin signalling is increased following 4 weeks of exercise training. (a) Representative blots of insulin signalling from muscle under basal and insulin-stimulated conditions. Muscle insulin-stimulated phosphorylated Ser 473 (b) and Thr 308 (c) Akt fold change over basal. (d) Total IRS1 content in muscle was averaged for basal and insulin-stimulated muscles, as these values represent a duplicate within an animal. Representative blot of IRS1 is also shown with α-tubulin as loading control. White bars, CON; black bars, ALA; dashed horizontal line, basal. Mean ± SEM, n = 6-8. **p < 0.01, ***p < 0.001 Ex vs Sed. Bsl, basal; Ins, insulin-stimulated main effect for exercise training to significantly increase Akt phosphorylation at both Ser 473 and Thr 308 ( Fig. 2a-c) . In further support of these findings, exercise training, irrespective of diet, significantly increased total IRS1 protein content (Fig. 2d) . Taken together, these findings confirm that 4 weeks of exercise training improves insulin signalling in skeletal muscle and suggest that the impairments in glucose clearance in the ALA-Ex group cannot be explained by decreases in skeletal muscle insulin sensitivity.
Skeletal muscle mitochondrial respiration and kinetics in response to ALA and exercise To further establish that ALA supplementation did not augment training responses within skeletal muscle we determined various classical adaptations in mitochondrial bioenergetics. Specifically, we first analysed maximal complex I-and II-supported respiration. ALA supplementation did not alter respiration in any condition (Fig. 3a) , while in contrast, regardless of diet, exercise training increased all aspects of mitochondrial respiration measured (Fig. 3a) , further indicating that ALA does not affect exercise-induced adaptations in skeletal muscle. Surprisingly, whole-muscle OXPHOS and PDHE1α proteins were not changed (Fig. 3b,  c) , suggesting that exercise training was not sufficient to induce large changes in mitochondrial content.
Next we determined if ALA supplementation and exercise training altered ADP respiratory kinetics by performing ADP titrations in the presence and absence of creatine. ALA did not affect the apparent ADP K m (Fig. 4b, d) in the presence or absence of creatine. In contrast, for exercise, there was a nonsignificant increase (p = 0.06) in the sensitivity of mitochondria to ADP in the presence of creatine (decreased apparent K m ; Fig.  4a, b) , whereas in the absence of creatine, exercise significantly decreased the sensitivity of mitochondria to ADP (increased apparent ADP K m ; Fig. 4c, d) . Furthermore, exercise training significantly increased ANT1 content by~25% irrespective of diet (Fig. 4e, f) , but did not alter the content of ANT2 (Fig. 4e , Mitochondrial H 2 O 2 emission and oxidative stress in skeletal muscle ALA supplementation for 12 weeks has been previously shown to increase mitochondrial H 2 O 2 emission in obese Zucker rats [40] . Given that mitochondrial-derived ROS have been linked to insulin resistance [46] , we examined mitochondrial H 2 O 2 emission rates in the presence and absence of a submaximal ADP concentration. The independent provision of ALA did not alter maximal H 2 O 2 emission rates, the fraction of electron leak to H 2 O 2 or H 2 O 2 rates in the presence of ADP (Fig. 5a-d) . Exercise training did not affect maximal H 2 O 2 emission; however, there was a main effect for exercise training to significantly decrease H 2 O 2 emission, as well as the fraction of electron leak to ROS, in the presence of ADP (Fig. 5c, d) . Altogether, the consumption of ALA during exercise training did not alter any variable in skeletal muscle to account for the observed attenuation in glucose tolerance.
eWAT insulin signalling in response to ALA and exercise Given that whole-body glucose homeostasis is also influenced by WAT [2] , we investigated the effect of ALA consumption within eWAT. Specifically, we examined the ability of insulin to phosphorylate proteins involved in the insulin signalling cascade. In contrast to skeletal muscle, in the sedentary animals, there was a main effect for ALA to significantly decrease insulin phosphorylation of Akt at Ser 473 and Thr
308
( Fig. 6a-c) , indicating that ALA impaired eWAT insulin signalling. Importantly, in the exercise-trained animals, ALA prevented the ability of exercise to stimulate Akt phosphorylation at both Ser 473 and Thr 308 (Fig. 6a-c) . These data suggest that ALA mitigated the favourable effects of exercise in eWAT in a similar fashion to the observed attenuation in whole-body glucose homeostasis observed in the ALA-Ex animals. In support of this, regardless of exercise training, there was a main effect for ALA increasing JNK1 and JNK2 phosphorylation (Fig. 7a) and a non-significant increase in ERK1 phosphorylation (Fig. 7b , p = 0.08). In contrast, no differences in the phosphorylation of p38 or MCP1 content were observed irrespective of diet (Fig. 7c, d) . Therefore, the impairments in eWAT mitochondrial respiration in response to ALA and exercise Next we investigated mitochondrial respiration in permeabilised eWAT. Similar to the approach used in skeletal muscle, we first analysed maximal complex I and II carbohydrate (pyruvate)-supported respiration. ALA supplementation significantly decreased all aspects of mitochondrial respiration irrespective of exercise training (Fig. 8a) . We also analysed mitochondrial respiration in the presence of maximal P-CoA, a naturally occurring lipid that represents the majority of lipid available for oxidation in vivo, but found no differences between groups (Fig. 8b) .
Given the dynamic nature of WAT (e.g. the ability of adipocytes to undergo both hypertrophy and hyperplasia), the number of adipocytes, and consequently mitochondria, will inevitably vary per milligram wet weight [47] . Therefore, we measured the amount of mitochondria in eWAT. ALA supplementation did not alter mtDNA in any condition (Fig. 8c) , while in contrast, to our surprise, exercise training was associated with significantly lower mtDNA regardless of diet (Fig. 8c) . Similarly, exercise training coincided with reduced OXPHOS protein content within eWAT (Fig. 8c and ESM Fig. 1 ), further suggesting that mitochondrial content is lower within adipocytes at this moment in time. We therefore expressed mitochondrial respiration relative to mtDNA, which revealed a significant main effect of exercise irrespective of diet, whereby maximal pyruvate-and P-CoA-supported respiration were increased (Fig. 8d, e) , suggesting improvements in mitochondrial respiratory function with exercise training in eWAT of obese Zucker rats. However, in contrast to lipid-supported respiration, there was a significant main effect for carbohydrate-supported mitochondrial respiration to be lower in the presence of ALA (Fig. 8d) . These findings provide evidence that mitochondrial respiratory function, regardless of how the data is normalised, is compromised in eWAT of obese Zucker rats following the consumption of ALA, and may also contribute to the observed attenuation in insulin signalling after the combined intervention.
Mitochondrial H 2 O 2 emission and oxidative stress in eWAT Given the observation that ALA consumption decreased mitochondrial respiration in eWAT, we determined rates of mitochondrial H 2 O 2 emission. Across all groups, ALA supplementation irrespective of exercise had no effect on pyruvatesupported mitochondrial H 2 O 2 emission in eWAT (Fig. 9a) . In contrast, ALA significantly decreased P-CoA-supported mitochondrial H 2 O 2 emission in eWAT of both groups (Fig. 9a) . However, when rates of mitochondrial H 2 O 2 emission were expressed relative to mtDNA, there was a main effect of exercise training to increase pyruvate-and P-CoA-supported mitochondrial H 2 O 2 emission irrespective of diet (Fig. 9b) . In contrast, ALA significantly increased the fraction of electron leak to H 2 O 2 with pyruvate, while with P-CoA, there was no difference (Fig. 9c) . Furthermore, despite an increase in rates of mitochondrial H 2 O 2 emission with exercise training when expressed relative to mtDNA, 4-HNE (a marker of lipid peroxidation) was decreased with ALA and unaltered by exercise (Fig. 9d) , suggesting improvements in cellular redox state of eWAT with 4 weeks of ALA supplementation.
Discussion
In the present study we provide evidence that ALA supplementation prevents exercise-induced improvements in glucose homeostasis in a rodent model of obesity. Moreover, the mechanism of action appears independent of changes in skeletal muscle insulin sensitivity and mitochondrial bioenergetics. In contrast, within eWAT, ALA supplementation (1) increased certain markers of cellular stress (JNK, ERK); (2) attenuated insulin-induced Akt phosphorylation; (3) decreased mitochondrial respiration; and (4) increased the fraction of electron leak to ROS. Altogether, while the present data highlights the beneficial responses to exercise training in diverse tissues, it has also revealed that the simultaneous consumption of ALA with training mitigates some of these favourable adaptive changes.
The effects of ALA and exercise on glucose homeostasis and insulin sensitivity In the present study, whole-body glucose tolerance was improved following exercise training, and, unexpectedly, ALA supplementation independently or in combination with exercise training did not improve glucose tolerance. These findings are in stark contrast to our previous reports, which have shown that whole-body glucose tolerance is improved in obese Zucker rats following a diet supplemented with ALA [39, 40] . The main difference between the present study and our previous reports showing a beneficial response in glucose homeostasis following consumption of n-3 PUFAs is the length of time consuming the PUFA fortified diets. Specifically, in the present study animals consumed a diet high in ALA for 4 weeks, while in previous studies animals were supplemented for 12 weeks [39, 40] . In humans, a previous report also showed that diets enriched in n-3 PUFAs take~4 weeks to alter the lipid composition of muscle [48] and therefore it is likely that a slightly longer duration of dietary consumption would have resulted in a beneficial response to the independent intake of ALA. Moreover, to our surprise, the consumption of ALA coincided with an attenuated insulin-induced Akt phosphorylation within eWAT and Representative blots area also shown. White bars, CON; black bars, ALA. Mean ± SEM, n = 6-8. *p < 0.05, **p < 0.01, † p = 0.08 ALA vs CON not skeletal muscle. While the importance of adipose tissue for glucose homeostasis is well understood [2] , it is unlikely that eWAT alone accounted for these findings in the ALA-Ex group as glucose tolerance was not different between ALA-Sed and CON-Sed animals despite a decrease in insulin signalling in the ALA-Sed animals. Indeed, recent work published from our lab found that insulin sensitivity in the liver was lower in the ALA-Ex compared with the CON-Ex group [41] , and thus it is possible that the ability of insulin to suppress hepatic glucose output was also attenuated in the ALA-Ex group, which would explain the profound impact of the combined intervention on glucose tolerance in spite of increased skeletal muscle insulin sensitivity. Therefore, taken together, we provide clear evidence that ALA prevents exercised-induced improvements in wholebody glucose homeostasis in an obese rodent model, an effect that appears to involve, at least in part, alterations within eWAT.
The effects of ALA and exercise on cellular homeostasis within the eWAT The induction of insulin resistance within WAT has been proposed to involve a number of mechanisms including, but not limited to, reductions in mitochondrial content [9, 10] , increased mitochondrial ROS [45] , oxidative stress [2] and inflammation [2] . In the present study, while ALA did not alter mtDNA or OXPHOS content within eWAT, ALA supplementation decreased maximal respiration and increased the phosphorylation of JNK and ERK stress kinases, responses that may contribute to the apparent maladaptive response to exercise training while consuming ALA. The apparent induction of cellular stress in the combined intervention group is supported by the previous finding that n-3 PUFA supplementation attenuates exercise-mediated splenic immune cell activation [38] . Despite the apparent negative effects of consuming ALA while training, ALA decreased PCoA induced H 2 O 2 emission and 4-HNE content within eWAT, a situation normally associated with an improvement in insulin sensitivity in diverse tissues [46, 49] . However, considering the observation that ALA prevented exerciseinduced improvements in glucose homeostasis and insulinmediated phosphorylation of Akt in eWAT; alternatively, ROS may be required for cellular adaptations to exercise and thus the observed reduction in P-CoA-mediated ROS and 4-HNE may not actually represent an optimal cellular response. This possibility is supported by previous research, which has shown that consumption of antioxidants attenuates exerciseinduced gene transcription [29] [30] [31] . Altogether, the present data highlights that ALA consumption attenuates exerciseinduced improvements in eWAT insulin sensitivity in association with markers of cellular stress and decreased mitochondrial respiration and ROS emission. However, the consumption of ALA during training did not alter markers of mitochondrial content, suggesting ALA did not mitigate all responses to training. Indeed, the reduction in mitochondrial content with training was surprising considering numerous reports showing the contrary [7, 8] . While it is tempting to speculate that exercise decreased mitochondrial content because of the induction of adipogenesis (i.e. an increase in nuclear DNA relative to mtDNA), an alternative explanation could be that exercise improved the intrinsic function of mitochondria (demonstrated by an increase in respiration/mtDNA), negating the requirement for sustained mitochondrial content. Clearly, detailed temporal responses in concert with histology are required to delineate if adipogenesis contributes to the unique responses observed. Regardless, the present data highlights that mitochondrial respiratory function is compromised with combined ALA consumption and exercise training in obese Zucker rats.
Translation to humans While the present data provides evidence that ALA supplementation is detrimental with respect to exercise-mediated improvements in glucose homeostasis, caution is warranted before extrapolating these findings to humans. The present study supplemented a standard diet with 10% flaxseed oil, which is physiologically impossible to achieve in humans. For example, a supplementation of 3 g/day of n-3 PUFAs in humans represents~0.02% of daily lipids, assuming a diet consisting of 40% fat. In addition, in the present study animals did not train overly aggressively, as obese Zucker rats run at a low intensity. This probably explains the lack of robust changes in mitochondrial biogenesis in the skeletal muscle of these animals. Since humans display greater adaptations to exercise training and consume a smaller amount of n-3 PUFAs in a Mean ± SEM, n = 6-8 ROS emission; n = 7-8 blot. *p < 0.05, **p < 0.01 ALA vs CON or Ex vs Sed; † p = 0.05 ALA vs CON. PM, pyruvate + malate dietary supplement, it is possible that a detrimental effect would not be observed in a combined intervention. Moreover, in the present study ALA was utilised as a fatty acid but most n-3 PUFA supplements are fortified with EPA and DHA. While ALA is converted to these lipids, the desaturation process is relatively minor [50] , and therefore EPA and DHA might exert a different biological effect. Nevertheless, previous research using a diet low in ALA and fortified in EPA and DHA has shown that the beneficial responses of n-3 PUFAs with respect to immune cell activation is prevented with exercise [38] , suggesting the responses observed in the present study will not be isolated to ALA. Clearly, future work in humans is required to fully delineate the possible interaction between n-3 PUFAs and exercise training.
In conclusion, we assessed the combined effect of 4 week ALA supplementation and exercise training on whole-body glucose homeostasis in obese Zucker rats. We show that ALA attenuated exercise-mediated improvements in wholebody glucose tolerance in concert with select markers of cellular stress, impaired mitochondrial bioenergetics and insulin resistance within eWAT. In contrast, exercise displayed beneficial responses within muscle regardless of ALA consumption. Taken together, in a model of obesity, ALA supplementation prevents exercise-mediated improvements in glucose tolerance. However, since eWAT contributes minimally to direct glucose tolerance, the definitive mechanism of action for the impairment remains to be elucidated.
